Long-term potentiation (LTP) is a use-dependent form of synaptic plasticity that is of great interest as a potential cellular substrate underlying memory. It is important to determine the pre-and/or postsynaptic locus of LTP expression in order to study its underlying mechanisms. Despite intensive investigation, however, its locus of expression remains uncertain.
It has been hypothesized that if LTP expression includes a presynaptic locus then it may alter the expression of another presynaptically mediated form of potentiation like paired-pulse facilitation (PPF), which is an increase in a second population excitatory postsynaptic potential when it is elicited shortly after a first. Previous authors have found no change in PPF in association with LTP. We re-examined the hypothesis, however, to reconcile the negative PPF data with other data that have suggested presynaptic involvement in LTP. Extracellular recordings were made in area CA1 of the rat hippocampal slice preparation. Surprisingly, PPF both increased and decreased significantly in association with LTP. The changes in PPF occurred in a predictable way, however. They correlated inversely with initial PPF magnitude so that a larger initial PPF was associated with a decrease in PPF with LTP while a smaller initial PPF was associated with an increase. Because PPF increased or decreased in individual slices in association with LTP, the average PPF of all slices did not change, in agreement with previous studies. The changes in PPF were also specific to LTP; that is, they were input specific, were not due to changes in inhibition or nonspecific effects of highfrequency stimulation, were not due to active postsynaptic currents or their nonlinear summation, and PPF changed with the same time course as LTP.
We conclude that the mechanism of early LTP expression includes at least the presynaptic locus. Two hypotheses regarding the presynaptic mechanism underlying LTP expression, which are consistent with finding both increases and decreases in PPF with LTP, are (1) that there is an increase in the number of release sites with LTP or (2) that there is an increase in both the number of release sites and the probability of neurotransmitter release. Increases in the probability of neurotransmitter release alone would not ap- Received Oct. 29, 1993; revised Feb. 15, 1994; accepted Feb. 24, 1994 . We thank Glen Blaschke for technical assistance, Mahmud Haque for computer assistance, Stephen Williams and Costa Colbert for review of the manuscript, and Russell Fricke for the golgi-stained neuron used for modeling. This work was supported by NIH Grants AG00432, AG08664, Long-term potentiation (LTP) is a use-dependent form of synaptic plasticity that has been the subject of much recent study as a potential cellular substrate underlying memory formation DiScenna, 1984, 1987; Brown et al., 1988; Madison et al., 1991) . To better study its underlying mechanisms, it is important to establish the site of change responsible for its expression. The locus of LTP expression is thought to reside at the synapse since its expression is not associated with changes in the electrophysiological parameters of pre-or postsynaptic neurons (Andersen et al., 1980) ; however, conflicting evidence has been obtained thus far regarding involvement of the preand/or postsynaptic locus in LTP expression. Presynaptic involvement in LTP expression has been suggested by the observations that LTP is associated with increased transmitter release measured biochemically (Skrede and MaltheSorenssen, 198 1; Dolphin et al., 1982) an increase in the probability of transmitter release determined by quanta1 analysis (Bekkers and Stevens, 1990; Malinow and Tsien, 1990) , an increase in the frequency of miniature synaptic currents in hippocampal cultures with glutamate-induced potentiation (Malgaroli and Tsien, 1992) concomitant changes in NMDA and non-NMDA current amplitudes (Bashir et al., 1991) phosphorylation of a presynaptic protein (Routtenberg et al., 1985; Nelson et al., 1989) , and involvement of both a presynaptic G-protein (Goh and Pennefather, 1989 ) and a persistently active kinase (Malinow et al., 1989) .
Several experiments using similar techniques have produced opposite results, however, thereby supporting postsynaptic involvement in LTP expression. These results have included finding that LTP is associated with no increase in transmitter release (Aniksztejn et al., 1989) , differential changes in NMDA and non-NMDA currents (Kauer et al., 1988; Muller and Lynch, 1988) no change in paired-pulse facilitation (PPF) (McNaughton, 1982; Anwyl et al., 1989; Muller and Lynch, 1989; Zalutsky and Nicoll, 1990; Ghijsen and Da Silva, 199 1; Manabe et al., 1993; and see below) , and changes in quanta1 amplitude (Foster and McNaughton, 199 l) , miniature postsynaptic current amplitudes (Manabe et al., 1992) , glutamate receptor numbers The operational names of the four solutions used in the subsequent experiments are shown in the left column. The solutions are identical except for their calcium chloride and magnesium chloride concentrations, as noted, and the presence or absence ofpicrotoxin, which decreases GABA,-mediated inhibition (see Materials and Methods for the other solution consitituents). (Baudry et al., 1980) , and postsynaptic dendritic spine shape (Harris et al., 1989) . Additional evidence points to involvement of pre-and postsynaptic elements in LTP expression (Kullmann and Nicoll, 1992) , possibly with differing time courses (Davies et al., 1989) or differing probabilities of involvement (Larkman et al., 1992; Liao et al., 1992 ). Despite intensive investigation, then, the pre-and/or postsynaptic locus underlying LTP expression remains uncertain. One explanation for the conflicting results may be that many of the techniques used are difficult to perform or interpret and involve assumptions that are difficult to evaluate. Thus, it would be advantageous to use a simple technique with few assumptions, most of which can be tested, to study the locus of LTP expression. Many of these desirable features may be met by using PPF to study the locus of LTP expression.
It has been hypothesized that if the LTP expression mechanism includes a presynaptic locus, then it might alter the expression of another presynaptic form of potentiation. PPF is a short-lasting (< 1 set) increase in a second evoked population excitatory postsynaptic potential (pEPSP) when it follows shortly after a first, and is thought to have a presynaptic locus in area CA1 of the hippocampus (Foster and McNaughton, 1991; Storm, 1992) . It has been hypothesized that if LTP includes the presynaptic site, then it might be associated with decreases in PPF because other maneuvers that increase the probability of transmitter release are associated with decreases in PPF. Such maneuvers have included protein kinase C activation by phorbol esters (Asztely et al., 1990 ) increased extracellular calcium (Asztely et al., 1990) , and post-tetanic potentiation (PTP) (Anwyl et al., 1989) which is a decremental form of potentiation with a duration of seconds to minutes that follows a train of stimuli and is thought to result from a sustained elevation of presynaptic calcium (Augustine et al., 1987; Delaney et al., 1989; Swandulla et al., 199 1) .
Average PPF has not been reported to decrease, however, in association with NMDA receptor-dependent LTP (McNaughton, 1982; Anwyl et al., 1989; Muller and Lynch, 1989; Zalutsky and Nicoll, 1990; Ghijsen and Da Silva, 199 1; Manabe et al., 1993) with one exception (Voronin and Kuhnt, 1990) . While previous studies have failed to demonstrate a change in PPF in association with LTP, the question deserves further examination because (1) it is important to establish the pre-or postsynaptic locus of LTP expression to further study its underlying mechanisms, (2) the lack of change in PPF has been used to support the hypothesis of postsynaptic involvement in LTP, (3) the reason for the conflict between a number of studies that have suggested a change in presynaptic parameters with LTP (Bekkers and Stevens, 1990; Malinow and Tsien, 1990 ) and the negative findings regarding changes in PPF needs to be resolved, (4) PPF has been reported to change in association with LTP at other synapses (Krug et al., 1989; Staubli et al., 1990; Christie and Abraham, 1994) so that a lack of change in CA 1 would suggest that there is something fundamentally different about CA 1 LTP, and (5) the method of using PPF is simple and has few assumptions so that a change in PPF would provide strong evidence for presynaptic involvement in LTP. Thus, we retested the hypothesis that LTP expression alters PPF and found that PPF was altered in association with LTP, suggesting that the locus of LTP expression includes at least a presynaptic component.
Materials and Methods
Preparation of hippocampal slices. Brains from adult Sprague-Dawley rats (150-200 gm) were quickly removed and placed in iced saline. The hippocampi were dissected out and 375~pm-thick slices were made perpendicular to the septotemporal axis with a McIlwain tissue chopper. Slices were transferred to a Haas-type (Haas et al., 1979) interface recording chamber (Medical Systems) and maintained using standard procedures (Williams and Johnston, 1990 ).
The effect of altering bath calcium and magnesium on a number of parameters was tested. For simplicity, the salines will be referred to as normal-, moderate-, and high-calcium, and high-magnesium. The normal-calcium solution contained (in mM) NaCl, 120; KCl, 3; NaHCO, , 23; dextrose, 11; CaCl, , 1.5; and MgCl, , 1.2 . The other three solutions were the same, except that 10 PM picrotoxin was added to the solutions to block GABA,-mediated inhibition, and the CaCl, and MgCl, concentrations were adjusted as follows (see Table 1 ): for the moderatecalcium solution, CaCl, and MgCl, were 3 mM; for the high-calcium solution, CaCl, was 4.5 mM and MgCl, was 1.5 mM; and for the highmagnesium solution, CaCl, was 1.5 mM and MgCl, was 4.5 mM. As indicated, the bathing solution sometimes contained 200 PM 2-hydroxysaclofen (Research Biochemicals, Natick, MA) to reduce GA-BA,-mediated inhibition, 100 PM o,L-aminophosphonovalerate (APV, Research Biochemicals) to block NMDA receptors, or l-10 PM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Research Biochemicals) to reduce cu-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) currents. CNQX (l-10 mM) was dissolved initially as a 10% dimethyl sulfoxide (DMSO) stock solution, which was diluted lOO-lOOO-fold for experimental use (final DMSO concentrations were 0.1-0.01%). The solutions were gassed with 95% O,, 5% CO,. The temperature of the bathing solution was -33°C. Extracellular recordings. Microelectrodes were pulled from 1.5 mm o.d. glass tubing using a Narishige puller and were filled with 750 mM NaCl (resistances were l-5 Ma). Stimulation was given at 15-30 set intervals via bipolar, Teflon-coated platinum stimulating electrodes (World Precision Instruments stimulus generator and isolator; stimulus duration = 50 psec). Extracellular pEPSP recordings were made from stratum radiatum in area CA1 and the data were filtered at 5 kHz and recorded on line with a DEC-1 l/23 computer for later analysis using software written in Basic-23.
Stable pEPSPs were obtained with a stimulus intensity that initially yielded a 1.3 mV pEPSP, though for specific experiments the range varied from 0.9 to 2.6 mV as indicated. The pEPSPs were controlled by selecting the initial pEPSP amplitude rather than percentage of maximal stimulation needed to induce the pEPSPs; however, the 2.6 mV pEPSPs were obtained with about half-maximal stimulation. In each experiment, a single stimulus intensity was followed and used for highfrequency stimuli (HFS) in an effort to stimulate the same axons throughout the experiment.
PPF was initially measured across a range of interstimulus intervals (ISIS; two to six traces for each ISI, ISIS of 15400 msec). HFS was then given until LTP was saturated, and PPF was remeasured 20 min after the last HFS with the same ISIS. To address the time course of change in PPF with LTP, PPF was measured with a single IS1 (55 msec) at 20 set intervals throughout the experiment. The results of both groups were combined as indicated.
HFS consisted of 10 trains (100 Hz, 50 msec) delivered at 200 msec intervals for a total of 50 stimulations over 2 sec. To achieve maximal LTP, two paradigms were used. Initially HFS was given at 20 min intervals until no additional LTP was elicited. We were concerned that advanced slice age might affect PPF, because LTP saturation could require l-3 hr to achieve with this paradigm. Consequently, additional slices were given six HFS at 1 min intervals, followed by HFS at 20 min intervals until no additional LTP was elicited. In these experiments, LTP saturation was typically achieved by the initial six HFS, which was verified by the lack ofadditional LTP with subsequent HFS. The results of using both paradigms were combined as indicated.
Data analysis. To obtain suitable pEPSPs, an attempt was made to identify clearly the fiber volley as being separate from the initial pEPSP slope. Any experiments in which a change occurred in fiber volley or stimulus artifact were excluded from analysis. pEPSP traces were analyzed by obtaining the maximum initial pEPSP slope occurring after the fiber volley. The maximum slope was obtained by linear regression over the points obtained over a range of 0.4-0.6 msec on the initial slope. To avoid bias, the same time points on the initial slope of the pEPSP were analyzed throughout the experiment. PPF was calculated as the slope of the second pEPSP minus the first, divided by the first. T tests were used to compare the PPF elicited under different conditions with one point having been taken from each experiment before and after a manipulation. A linear regression test was used for examining correlations.
Modeling. For the neural modeling seen in Figure 8 , the neural simulation program NEURON (Hines, 1989) was used to simulate a 149-compartment CA3 pyramidal neuron reconstructed from a Go&$-stained neuron (Spruston et al., 1993) . The parameters used in this fully passive model were R,, = 60,000 fi cm*, C, = 1 rF/cm*, R, = 200 Q cm, and the resting membrane potential = -65 mV. Fifty synapses were placed uniformly across the apical dendritic tree. The synapses were each modeled as single, simultaneous conductance changes using an 01 function (l/a = 2 msec) and a synaptic reversal potential of 0 mV. Separate simulations were mn for individual synaptic conductances that ranged from 10 pS to 2 nS, which resulted in total peak synaptic conductances ranging from 0.5 nS to 100 nS. It is estimated that a typical single physiological synaptic conductance change is on the order of 100 pS, so the maximum of 2 nS/synapse assumed in this model is probably well above the physiologic range. For each simulation, average peak and slope measurements for both synaptic potential and synaptic current were calculated from 10 randomly selected synapses. Slope measurements were derived from the first 0.5 msec of each synaptic event.
Results PPF changed in a predictable way with LTP PPF changed in association with LTP. Surprisingly, it both increased and decreased. The change in 63 slices is demonstrated in Figure 1A . PPF, with an IS1 of 55 msec, was measured at baseline and after LTP was induced by one or multiple HFS. Multiple HFS were administered to some slices to induce LTP saturation. Initial PPF is plotted on the x-axis and the change in PPF associated with LTP is plotted on the y-axis. Initial PPF (%) Figure 1 . Paired-pulse facilitation (PPF) changed in association with long-term potentiation (LTP). A, PPF elicited with a 55 msec interstimulus interval (ISI) was measured at baseline and after LTP induction, which was achieved by administering one or several high-frequency stimuli (HFS). The initial PPF is plotted on the x-axis and the change in PPF is plotted on the y-axis (change = final PPF minus initial PPF, thus, e.g., a change in PPF from 50% to 30% is plotted as 50, -20). PPF changed in association with LTP, and there was a significant inverse correlation between initial PPF and the change in PPF with LTP (n = have been due to processes like nonspecific short-term changes in excitability or movement of the slices. To be more certain of the specificity of the relationship between the changes in PPF and LTP, however, we went on to perform multiple tests of the specificity of changes in PPF to LTP. A first test of specificity was to examine whether similar amounts of LTP were associated with similar changes in PPF, and conversely whether different amounts of LTP were associated with different changes in PPF. Similar amounts of LTP were induced by HFS in the normal-, moderate-, and highcalcium solutions (P. E. Schulz and D. Johnston, unpublished observations). The changes in PPF observed in the three solutions are combined in Figure 1A and separated in Figure IB . The high-calcium solution had a narrower range of initial PPF values than was observed in the other solutions; nonetheless, PPF increased and decreased similarly in association with LTP in all solutions with only the initial PPF value appearing to determine the change in PPF associated with LTP.
Similar amounts of LTP were also induced by HFS at lower (0.9-1.3 mV pEPSPs) versus higher (2.6 mV pEPSPs) stimulus intensity in moderate-calcium (Schulz and Johnston, unpublished observations) , and Figure 2A demonstrates that the associated changes in PPF in the two groups were also similar. A regression line for all points is drawn for convenient comparison 0, = -0.54x + 11.0, r2 = 0.55, n = 22, p < 0.005). More LTP was induced by multiple HFS than by single HFS, and its effect on changes in PPF is examined in Figure 2B . There were greater changes in PPF associated with multiple HFS (0, n = 50, y = -0.73x + 17.38, dashed line, r2 = 0.66,~ < 0.0005) than single HFS (0, n = 35, y = -0.60x + 18.7, solid line, r2 = 0.66, p < O.OOOS), as indicated by the steeper slope of its regression line (-0.73 for multiple HFS vs -0.60 for single HFS). In 22 slices, PPF was measured under both circumstances so that the total number of points is greater than in Figure 1 . Thus, similar amounts of LTP were associated with similar changes in PPF (Figs. 1 B, 2A ) and greater amounts of LTP were associated with greater changes in PPF (Fig. 2B ).
PPF changed with the same time course as LTP
A second test of the specificity of the changes in PPF to LTP was to examine whether the changes in PPF had a similar time course to the onset of LTP, that is, if the changes in PPF were specific to LTP, then PPF and LTP should change with the same time course. The time courses of both increases and decreases in PPF associated with LTP were examined.
The time course of increases in PPF associated with LTP are shown in Figure 3 . As LTP was saturated in the high-calcium solution, PPF was examined with a single IS1 (55 msec) throughout the experiments. The initial pEPSP magnitudes were 1.3 mV. PPF was measured at 20 set intervals throughout the experiments in Figure 3 and was averaged and plotted in 5 min bins, except for the first point after each HFS, which contained PTP and is the average of a single trace from each experiment. One experiment in which PPF increased in association with LTP is shown in Figure 3 , A and B. Eight HFS (arrows) increased the pEPSP slopes by 79% (Fig. 3A) and were associated with an increase in PPF from 15 f 2% to 25 f 1% that persisted for 3 hr after the last HFS (Fig. 3B) .
Nonlinear summation of postsynaptic potentials would not account for increases in PPF, however, to confirm that other active postsynaptic currents were not responsible for the changes in PPF associated with LTP, pEPSP slopes were returned to baseline after LTP saturation by wash-in of 1 PM of the AMPA receptor antagonist CNQX. Despite returning the pEPSP slopes to baseline (Fig. 3A) , PPF remained elevated for the duration of this experiment (Fig. 3B) . Representative voltage traces from this experiment are shown in Figure 3C . Each is an average of several traces obtained at the times indicated in Figure 3A by small letters, that is, at baseline (a), and after LTP saturation and return of the pEPSP to almost the original size with CNQX A, The pEPSP slopes (mV/msec) elicited by the first (Stim I) and second (Sfim 2) paired-pulse stimuli are plotted over time for a single experiment. Data were sampled at 20 set intervals throughout each experiment in this and the subsequent figures, and each point plotted is the average of 5 min of data, except for the first point after each HFS, which contains PTP and is the average of a single trace from each experiment. Eight HFS (arrows) administered at 15 min intervals in high-calcium resulted in 74% LTP. After LTP was saturated, 1 PM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQW was washed in to return the pEPSP slopes to baseline. B, PPF increased in association with LTP induction from 14.6 + 2.2% at baseline to 25.2 + 0.5% after the eighth HFS (ISI = 55 msec). PPF remained elevated for the 3 hr duration of the experiment after the last HFS, including when the pEPSP slopes were returned to baseline by CNQX. C, Representative raw voltage traces from the experiment above, obtained at the times indicated in small letters, are shown. The superimposed traces demonstrate that PPF increased in association with LTP. D, HFS (arrows) at 15 min intervals increased the normalized pEPSP slopes for eight slices by 46% (points are mean k SEM). After LTP was saturated, l-3 FM CNQX returned the initial pEPSP slopes to their baseline. E, PPF of the slices in D increased with LTP from 21.8 + 1.6% to 30.9 f 2.5% (IS1 = 55 msec, n = 8, p = 0.01 by t test). Wash-in ofCNQX after LTP saturation depressed synaptic transmission by 43%, but did not alter PPF (average = 30.5 k 2.9%, p = 0.89 by t test), which was still different from baseline (p = 0.02 by t test). This suggests that neither the induction of postsynaptic currents nor their nonlinear summation can account for the changes in PPF associated with LTP. A, Six HFS were administered to one slice over 6 min (arrows) and this was associated with a 64% increase in the pEPSP slope (in mV/msec, moderate-calcium solution). A seventh HFS was administered 25 min later to be certain that LTP was saturated. B, PPF in the slice in A decreased shortly after HFS from 28 f 0.9% at baseline to 22.4 k 0.5% after LTP induction and remained depressed for the duration of the experiment. Each point is the average of 5 min of data, except for the points between HFS 4 and 6, which are individual traces. C, Ninety percent LTP was induced in the four slices given HFS in high-calcium that showed a decrease in PPF. Wash-in of CNQX after LTP saturation returned pEPSP slopes to baseline. D, LTP was associated with a decrease in PPF from 37 f 2% to 3 1 + 1% (IS1 = 55 msec). Wash-in of CNQX did not alter PPF. E, Averaging PPF from the slices from Figure  3E , in which PPF increased with LTP, with the slices from D of this figure, in which PPF decreased with LTP, results in this plot, which would suggest no change in PPF with LTP if the change in individual slices was not examined.
(b). Superimposition oftraces a and b in Figure 3Cdemonstrates that PPF increased in association with LTP. The pEPSP slopes were used for analysis, but on this time scale the change in pEPSP amplitude is more obvious. Group data for the eight slices in which the time course of PPF was monitored that showed an increase in PPF with LTP are plotted in Figure 3 , D and E. Initial pEPSP magnitudes were 1.3 mV in all experiments. In these experiments, four HFS (arrows) increased the baseline pEPSP slope by 46% (Fig. 30) . PPF for the group data increased in association with LTP from Each plot is an average of two to four traces. The slice was then given HFS until LTP was saturated, and PPF was remeasured over the same ISIS (S&n). A2, Enlargement and superimposition of the initial slopes of the first and second pairedpulse pEPSPs obtained with the 55 msec ISI demonstrates that PPF decreased after LTP saturation since the increase in slope. from a to b is greater than from c to d. B, PPF also decreased in this second slice in which the experiment was performed in high-calcium.
21.8 +-1.6% to 30.9 f 2.5% ( Fig. 3E ; IS1 = 55 msec,p = 0.01 by t test). Wash-in of CNQX (l-3 PM) after LTP saturation again returned pEPSP slope to baseline ( Fig. 30 ; a 43% decrease), but did not alter PPF (Fig. 3E) . After CNQX wash-in, PPF was 30.5 + 2.9%, which was not different from PPF after LTP saturation (30.9 + 2.5%, p = 0.89 by t test), but was still different from PPF measured at baseline (2 1.8 f 1.6%, p = 0.02 by t test). An example of the time course of a decrease in PPF associated with LTP is shown in Figure 4A . LTP was induced with six HFS delivered at 1 min intervals in the high-calcium solution. The initial pEPSP magnitude was 1.3 mV. PPF decreased in association with LTP induction from 28 f 1% at baseline to 22 + 1% shortly after the sixth HFS ( Fig. 4B ; IS1 = 55 msec), and remained depressed for the subsequent 40 min, during which a seventh HFS was given to confirm that LTP was saturated. The points in which PPF was measured during PTP have been removed from Figure 4 , B and D, for clarity. The four slices in which PPF decreased with LTP and in which the time course was monitored are averaged in Figure 4 , C and D. HFS (arrows) was given at 15 min intervals in high-calcium. Ninety percent LTP (Fig. 4C ) was associated with a decrease in PPF from 37 f 2% to 3 1 + 1% (Fig. 40, IS1 = 5 5 msec). Wash-in of CNQX after LTP saturation returned pEPSP slopes to baseline ( 4C) with no obvious change in PPF (Fig. 4D ), in agreement with a previous report (Manabe et al., 1993) . Examples of raw traces from two experiments in which PPF decreased with LTP are shown in Figure 5 . Each trace is an average of two to four traces. In Figure 5AI , PPF was measured at baseline (labeled Base) with ISIS of 55, 65, 75, 85, and 95 msec in moderatecalcium. The slice was then given HFS until LTP was saturated and PPF was remeasured over the same ISIS (labeled Satn). In Figure 5A2 , enlargement and superimposition of the initial slopes of the first and second paired-pulse pEPSPs obtained with the 55 msec IS1 demonstrate that PPF decreased after LTP saturation since the increase in slope from a to b is greater than from c to d. The same was true for a slice examined in highcalcium (Fig. 5B) . The time course of the changes in PPF with LTP, then, was similar to LTP. Despite increases and decreases in PPF, though, there was no change in average PPF associated with LTP. This was demonstrated in two ways. First, the eight slices from Figure  3E in which PPF increased with LTP are averaged with the four slices from Figure 40 in which PPF decreased. The result shown in Figure 4E is that average PPF did not change. The small SEMs would also suggest no change in PPF. Second, average PPF also remained constant over all 63 slices examined and plotted in Figure 1 . Initial PPF averaged 26.0 f 1.7% and final PPF averaged 23.8 + 1.6% (mean f SEM). These results agree with those of previous authors who found no change in average PPF associated with LTP (McNaughton, 1982; Anwyl et al., 1989; Muller and Lynch, 1989; Zalutsky and Nicoll, 1990; Ghijsen and Da Silva, 1991; Manabe et al., 1993) .
Changes in PPF were not due to nonspecific efects of HFS A third test of the specificity of the changes in PPF to LTP was to determine whether the changes in PPF were nonspecifically related to HFS. This was tested in two ways. First, the effect of HFS on PPF after LTP saturation was examined. After LTP saturation, HFS was given to 14 slices from the moderate-and high-calcium groups, and PPF was examined (IS1 = 55 msec; slices are a subset of those shown in Figure 10 ). In the absence of eliciting additional LTP, no change in PPF was noted (16 f 3% before HFS vs 17 f 4% at 15 min post-HFS, n = 14, data not shown).
Second, the effect of HFS on PPF was examined when NMDA receptor-dependent LTP was blocked by APV (Fig. 6 ). Both HFS paradigms used to induce LTP were tested. In the first, HFS (arrows) was administered six times at 20 min intervals to naive slices in the presence of 100 KM D,L-APV. There were no changes in pEPSP slope during this 2 hr period of repetitive HFS (Fig. 6A) , and PPF remained constant at 22% ( Fig. 6B ; n = 3, IS1 = 55 msec; each point is the average of 5 min of data except for the first point after each HFS, which is a single trace containing PTP). The effect of HFS on PPF using the second LTP induction paradigm was tested by giving six HFS at 1 min intervals to slices bathed in APV, and there was no change in either pEPSP slope or PPF (34-35%, data not shown, n = 2). Thus, no changes in PPF occurred over a range of initial PPFs (18-40%) that without APV would have been associated with large changes as in Figure 1 . This suggests that the changes we observed in PPF were specific to NMDA receptor-dependent LTP.
Changes in PPF were input spebjic A fourth test of the specificity of changes in PPF to LTP was performed by examining whether the changes in PPF were specific to the input exhibiting LTP. If the changes in PPF were due to an alternate cause, such as calcium precipitation or slice movement, then the changes in PPF would not be specific to the input showing LTP. The input specificity was examined using two stimulating electrodes and one recording electrode in stratum radiatum. The independence of the two inputs was judged by the additivity of pEPSPs and a lack of PPF between the two inputs; however, some overlap could not be excluded. Initial pEPSP magnitudes were about 1.3 mV in both inputs in all slices, and experiments were performed in high-calcium. A single HFS to one input was associated with LTP in that input, and a small decrease in slope in the other input ( Fig. 7A ; n = 4 pairs). PPF was measured concomitantly in the two inputs and for graphing clarity was normalized by setting the average of the pre-HFS PPF equal to 100%. PPF increased significantly in the input given HFS from 20.5 f 2.3% to 30.0 + 2.3% (Fig.  7B , plotted as lOO-146%; IS1 = 55 msec, n = 4, p = 0.04), and did not change in the nonstimulated input (26.5 -t 4.5% to 22.8 f 5.6%, plotted as lOO-86%; n = 4, p = 0.66). This finding indicates that all synapses in the slice did not show the same change in PPF in association with HFS.
Changes in PPF were not due to postsynaptic changes A fifth test of the specificity of changes in PPF to LTP was performed by examining whether two possible postsynaptic changes might have altered PPF, that is, activation of postsyn- Time (minutes) Figure 7 . Changes in PPF with LTP were input specific. The pEPSPs elicited by two independent inputs in stratum radiatum were recorded in one electrode. The inputs were independent as judged by the additivitv of DEPSPS and a lack of PPF between the two innuts. The DOSsibility oi' some overlap, however, cannot be ruled out. A: Initial pEPSP magnitudes were -1.3 mV in both inputs in all slices. A single HFS in high-calcium to one input (arrow) was associated with LTP in that input (0: n = 4) and a small decrease in slope in the other input (0). B, k&ma&d PPF (ISI = 55 msec) increased significantly in the input eiven HIS from 20.5 + 2.3% to 30.0 + 2.3%. a 46% increase (n = 4. p = 0.04), and did not change in the other input (26.5 + 4.5% to 22.8 + 5.6%, p = 0.66, n = 4). Thus, LTP and the associated changes in PPF were input specific so that the changes in PPF were not due to a general change in PPF in the slice. aptic currents or their nonlinear summation.
With regard to activation of postsynaptic currents, we showed above that washin of CNQX returned pEPSPs to baseline but did not return PPF to baseline (Figs. 3,4) , suggesting that a change in excitatory postsynaptic currents was not responsible for changes in PPF. The possibility of altered inhibitory currents is addressed in the next section.
Several lines of evidence also argue against nonlinear summation of postsynaptic currents as a cause for the changes in PPF. (1) The nonlinear summation hypothesis predicts that decreasing the pEPSP to baseline after LTP saturation would return PPF to baseline; however, wash-in of CNQX after LTP saturation did not change whether it had increased (Fig. 3) or decreased (Fig. 4) Figure 8 . Nonlinear summation can be expected of peak amplitudes but not slopes of synaptic currents and potentials. Simulations were performed to examine the effects on a single synapse of varying the synaptic conductance of 50 synapses placed in the apical dendrites of a single pyramidal neuron (see Materials and Methods). As total peak synaptic conductance was increased from 0.5 nS to 100 nS, the initial slopes of the EPSPs (A) and synaptic currents (B) at a single synapse varied linearly with synaptic conductance; in contrast, the peak amplitudes ofboth exhibited nonlinear summation. These simulations suggest that initial pEPSP slope, which was used to measure PPF in our experiments, is unlikely to be contaminated by nonlinear summation.
have decreased by a similar amount. While short-term potentiation (STP) has a similar initial magnitude to PPF, it remained constant as LTP was saturated (Schulz and Johnston, 1991) , suggesting that the changes in PPF are not due to nonlinear summation. The lack of evidence for nonlinear summation of the pEPSP slope was somewhat unexpected. Thus, we examined nonlinear summation further through neural modeling. The effect on a single synapse of increasing the synaptic conductance of 50 synapses spread over the dendritic tree of a single pyramidal neuron was modeled (see Materials and Methods for details). As total peak synaptic conductance was increased from 0.5 to 100 nS, the peak amplitude of EPSPs (Fig. 8A ) and synaptic currents (Fig. 8B) at single synapses exhibited pronounced nonlinear summation; in contrast, the initial slopes of both were linearly related to synaptic conductance. Since the extracellularly measured pEPSP in the dendrites is a reasonable measure of the underlying synaptic currents (Hubbard et al., 1969) , this model predicts that the early pEPSP slopes measured in the present experiments would not exhibit nonlinear summation. This result can be explained by considering that the initial slope is an estimate of the initial synaptic current that flows when the driving force is maximal and unaffected by the synaptic potential. Later peak synaptic current would be affected by both changes in potential and a decrease in driving force.
Changes in inhibition were not responsible for changes in PPF
A sixth test of the specificity of changes in PPF to LTP was performed by examining whether the observed changes in PPF were due to changes in GABA-mediated inhibition. All the experiments reported in this study that were performed in the moderate-or high-calcium solutions had 10 PM picrotoxin in the bathing solution to decrease GABA,-mediated inhibition. Since changes in PPF were nonetheless induced, and were similar to those induced without picrotoxin present (in Fig. 1 compare normal-calcium slices, which had no picrotoxin, to moderate-and high-calcium slices with picrotoxin), it suggests that changes in GABA,-mediated inhibition were not responsible for them. To determine whether changes in GABA,-mediated inhibition were responsible for the changes in PPF with LTP, additional experiments were performed with both picrotoxin and 200 CLM 2-hydroxysaclofen, a GABA, antagonist, in the bathing solution.
2-Hydroxysaclofen at 200 CLM was chosen because 10,40, and 400 PM had previously been shown to decrease GABA,-mediated inhibition in the dentate gyrus by 83%, 93%, and 100% (Mott et al., 1993) . Its GABA, blocking effect in CA1 was confirmed by us as follows. Baclofen (10 PM), a GABA, agonist, was washed in and resulted in a 56% depression of the pEPSP slope ( Fig. 9A, 0 ; n = 4, high-calcium solution), which was reversed by wash-out. Wash-in of 200 PM 2-hydroxysaclofen for 25 min in two ofthose slices before wash-in of 10 I.~M baclofen with 200 KM 2-hydroxysaclofen resulted in only a 10% depression of the pEPSP slope ( Fig. 9A, 0 ; n = 2). Thus, 200 PM 2-hydroxysaclofen blocked at least 82% of the baclofen-induced GABA,-mediated inhibition of the pEPSP. Saclofen itself may have depressed pEPSPs (see Fig. 9B ), so the estimate of an 82% blockade of GABA, receptors may be low. As an additional test of the GABA,-blocking effect of 200 PM 2-hydroxysaclofen, its effect on paired-pulse depression (PPD) was tested. When measured in four slices with ISIS of 200, 300, and 400 msec, PPD averaged 13.2 f 4.8% (data not shown). When measured in two slices in the presence of saclofen with the same ISIS, average PPD was reduced to 2.3 f 6.5%.
We then tested whether PPF changed in association with LTP when GABA-mediated inhibition was reduced. Picrotoxin at 10 PM was already in the bath. Wash-in of 2-hydroxysaclofen was associated with a decrease in the evoked pEPSPs from 0.94 to 0.80 mV/msec ( Fig. 9B ; n = 5, high-calcium solution, initial pEPSP magnitude = 1.3 mV), and a small, nonsignificant increase in PPF from 22.6 + 3.4% to 25.8 f 2.4% (Fig. 9C , n = 5, p = 0.53, IS1 = 55 msec). HFS (arrow) was associated with 18% LTP (Fig. 9B ) and an increase in PPF from 25.8 f 2.4% to 34.4 + 1.5% (Fig. 9C, n = 5 ). The increase in PPF was significant by t tests when compared either to baseline (p = 0.025) or after saclofen wash-in (p = 0.024). Since significant changes in PPF occurred in association with LTP despite decreased GABA,-and GABA,-mediated inhibition, it suggests that activation of these receptors was not necessary for, and did not underlie, the changes we observed in PPF associated with LTP.
PPF changed over a range of interstimulus intervals A seventh test of the specificity of the changes in PPF to LTP was performed by examining whether PPF changed over a broad range of ISIS in association with LTP. A presynaptic change associated with LTP would be expected to modify the PPF elicited by all ISIS, whereas PPF altered by another process might affect only certain ISIS. The PPF values plotted in previous figures were all obtained with a 55 msec ISI, so we now examined the changes in PPF associated with LTP when PPF was elicited over a broader range of ISIS.
PPF was initially examined at baseline over ISIS of 15-400 msec. The greatest initial PPF was elicited with ISIS of 55-95 msec, though PPF was observed over the entire range. With ISIS of 15-45 msec, PPF varied with stimulus intensity (data not shown). Since pEPSP duration was from 15 to over 30 msec, it is likely that PPF measured with those short ISIS (145 msec) was affected by residual synaptic potentials. Paired-pulse depression was sometimes observed at ISIS of 200-400 msec (data not shown). Because of possible interference by these other phenomena, then, PPF measured with ISIS of 45 msec or less, and 200 msec or greater were not used for examining changes in PPF associated with LTP.
The effect of LTP on PPF measured over a range of ISIS was then examined by eliciting PPF over ISIS of 55-150 msec at baseline, saturating LTP, and then remeasuring PPF over the same ISIS. Initial pEPSPs were all 1.3 mV. In moderate-calcium, an average of 93% LTP was elicited and was associated with a decrease in PPF, averaged over all ISIS, from 23.8 + 1.4% to 13.6 + 1.2% ( Fig. 1OA ; n = 7, includes all slices in which PPF decreased and in which the range of ISIS was examined). In high-calcium, LTP saturation increased the initial pEPSP slope by 159% over baseline and was also associated with a decrease in PPF averaged over all ISIS from 15.9 f 2.0% to 7.4 f 1.6% (Fig. 1 OB ; n = 4, includes all slices in which PPF decreased and in which the range of ISIS was examined). We conclude that the changes in PPF associated with LTP were not specific to one ISI, but occurred over a broad range of ISIS.
Increased presynaptic calcium decreases PPF At least seven sets ofexperiments, then, suggested that the changes we observed in PPF were specific to LTP. This, in turn, suggested that the locus of LTP expression includes the presynaptic site. We wondered what type of presynaptic mechanism underlying LTP could result in both increases and decreases in PPF. One possible mechanism underlying LTP would be an increase in presynaptic calcium influx that would increase the probability of transmitter release. We reexamined the effect on PPF of increasing presynaptic calcium by two maneuvers.
First, the effect of increasing bath calcium was examined. . These results suggest that the changes in PPF associated with LTP are not due to changes in GABA-mediated inhibition since the PPF changes were observed despite the reduction of GABA-mediated inhibition.
After obtaining stable 0.5 mV pEPSPs, the extracellular calcium was increased by switching from the high-magnesium to the high-calcium bathing solution. This was associated with a 740% increase in pEPSP slope ( Fig. 1 lA, 0 ; n = 3), and a decrease in PPF from 50.5% to 16% (Fig. 1 lB) , in agreement with previous reports showing that PPF decreases with increased presynaptic Figure IO . Decreases in PPF associated with LTP occurred over a broad range of ISIS. PPF was measured at baseline and after LTP saturation, over ISIS of 55-150 msec, in moderate-(A) and high-calcium (B). In saturating LTP, the average initial pEPSP slopes increased by 93% (A; n = 7) and 159% (B, n = 4). PPF decreased over the entire range of ISIS in both solutions as expected from a presynaptic process. Note that the x-axis is not linear. calcium influx (Asztely et al., 1990) . While the extracellular calcium concentration was increasing, PPF did not increase in any of the slices. Superimposition of the first and second pairedpulse pEPSPs elicited with an IS1 of 55 msec in Figure 11C demonstrates that PPF measured in lower calcium was greater (a) than in the higher calcium solution (b).
Second, the effect of PTP on PPF was examined. The first HFS in Figure 6A , in which HFS was given in 100 PM D,L-APV, resulted in short-lived PTP of 28% (n = 3). Figure 6B demonstrates that this PTP was associated with a decrease in PPF from 27.6 + 1.4% to -2.2 + 4.2% (IS1 = 55 msec), in agreement with previous studies (Anwyl et al., 1989) .
In agreement with previous studies, then, conditions associated with an increase in presynaptic calcium were associated with larger pEPSPs, presumably due to an increased probability of transmitter release, and were associated only with decreases in PPF, not increases. Since we observed both increases and decreases in PPF associated with LTP, a simple increase in presynaptic calcium influx would not appear to underlie LTP expression. Other investigators have performed optical measurements of presynaptic calcium in association with LTP and have also found no evidence for changes in calcium influx (Regehr and Tank, 199 1; Wu and Saggau, 1994) . The hypothesis that LTP is mediated by an increase in presynaptic calcium would also predict that less LTP would be induced in highcalcium than in low-calcium because the increased extracellular calcium would already have increased release towards its limit. The same amount of LTP was induced, however, in all three solutions.
Discussion
This study found that PPF changed in association with LTP and the change was inversely related to initial PPF magnitude so that a larger initial PPF was associated with a decrease in PPF while a smaller initial PPF was associated with an increase. While PPF in individual slices changed with LTP, average PPF remained constant. This study also demonstrated that the changes in PPF were specific to LTP as similar amounts of LTP were associated with similar changes in PPF, PPF changed with the same time course as LTP, and changes in PPF were not due to nonspecific effects of HFS, were input specific, were not due to active postsynaptic currents or their nonlinear summation, did not involve changes in inhibition, and occurred over a range of interstimulus intervals.
Previous studies found no change in average PPF associated with LTP. Our original hypothesis as to why other studies might not have reported a change in PPF with LTP, if it existed, was that insufficient LTP had been induced. To test this hypothesis we initially maximized LTP by using multiple HFS, high-calcium saline, and GABA antagonists. While we noted changes in PPF under these conditions (Schulz and Johnston, 1992) , we subsequently found that changes in PPF occurred even with the modest amounts of LTP induced by single HFS (Fig. 2B) , in normal-calcium (Fig. lB) , and with intact inhibition (Fig. 1B) . Thus, our original hypothesis as to why changes in PPF had not previously been observed was incorrect. Finding that PPF increased and decreased with LTP, and that average PPF therefore remained constant, however, suggests the more probable reason why changes in PPF were not previously observed. Previous hypotheses had suggested that PPF would only decrease in association with LTP, if it changed at all. Thus, it was reasonable in previous studies to compare average PPF at baseline to average PPF after LTP induction. If PPF had both increased and decreased in association with LTP, however, it might not have been recognized because average PPF would have remained constant.
Experiments using alternate techniques have also suggested that there is presynaptic involvement in LTP, however, there has been a conflict in many instances between such results and opposite results obtained by other groups using the same techniques (see introductory remarks). In addition, interpreting the results of experiments using several techniques are difficult because they involve assumptions that have not been verified. Thus, the simplicity ofthe technique used here (examining PPF), the paucity of assumptions involved (that only a presynaptic process is being measured), and the apparent validity of that assumption suggest that this may be some of the strongest evidence yet for presynaptic involvement in LTP.
Changes in PPF were specific to LTP Finding that PPF changed in association with LTP supports the hypothesis that LTP expression includes the presynaptic locus since previous studies have shown that a presynaptic mechanism underlies PPF in CA1 (Foster and McNaughton, 199 1; Storm, 1992) . The fact that PPF increased, decreased, or remained the same with LTP, however, made it especially important to demonstrate that the changes in PPF were specific to LTP. Thus, we addressed a number of alternate mechanisms by which PPF might change in association with HFS.
First, several lines ofevidence suggest that the changes in PPF were not due to the nonlinear summation of postsynaptic currents. (1) Nonlinear summation predicts only decreases in PPF and would not account for the increases observed. (2) Returning the pEPSPs to baseline with CNQX after LTP induction did not return PPF to baseline values (Figs. 3, 4) . (3) STP did not show decreases in amplitude despite being of similar amplitude to PPF (Schulz and Johnston, 199 1) . (4) Neural modeling suggested that over the range of synaptic currents likely to be encountered in the hippocampus, nonlinear summation of the pEPSP slope was unlikely to occur (Fig. 8) . (5) Activation of an excitatory postsynaptic current would be unlikely to both increase and decrease PPF. (6) Changes in inhibitory currents also do not appear to have interfered with our measure of PPF, as discussed below.
Second, several lines of evidence suggest that the changes in PPF cannot be attributed to changes in inhibition. (1) PPF changes were observed in the presence of inhibitors of both GABA, and GABA, receptors (Fig. 9) . While one could argue that neither picrotoxin nor 2-hydroxysaclofen completely blocked GABA, and GABA, receptors, the fact that similar changes in PPF occurred in their presence or absence suggests that GABAmediated inhibition was not responsible for changes in PPF. (2) A single change in inhibition would not appear to account for both increases and decreases in PPF. (3) The various forms of inhibition have limited time courses over which they produce effects. PPF, however, changed over a range of interstimulus intervals (Fig. 10) . (4) Short-lasting changes in inhibitory postsynaptic potentials in CA1 have been reported to occur during (Davies et al., 199 1) or after HFS (McCarren and Alger, 1985) , but generally do not persist beyond a minute or two. (5) If a change in the balance ofexcitation to inhibition were responsible for the changes observed in PPF, then decreasing the excitatory PSP with CNQX might have altered PPF by also altering the balance of excitation to inhibition, but PPF did not change with CNQX (Figs. 3, 4) .
Third, the changes in PPF were not due to a nonspecific effect of HFS as APV blocked both LTP and changes in PPF (Fig. 6) . In addition, after LTP saturation, HFS did not produce additional LTP or additional changes in PPF. Fourth, slices that had a change in fiber volley or stimulus artifact were not included so that nonspecific short-term changes in excitability and slice movement would not appear to account for changes in PPF. Fifth, the changes in PPF associated with LTP were specific to the input exhibiting LTP (Fig. 7) so that a generalized change in PPF in the slice, as well as a generalized change in postsynaptic excitability, did not appear to occur. Sixth, a decline in slice health due, for example, to advanced slice age would not appear to account for the changes in PPF since they were rapid (see Fig. 4 ) and stable (see Figs. 3, 4) .
Finally, several changes in postsynaptic receptor numbers or properties might be hypothesized to have effected PPF. In general, the addition of postsynaptic receptors or changes in their conductivity with LTP should not alter PPF, which is measured as a percentage change. In addition, the lack of change in STP After obtaining a stable baseline in high-magnesium, the perfusing solution was changed to the high-calcium one. The change of sblution was associated with a 740% increase in DEPSP slone (0: baseline = 100%. n = 31. B. The increase in pEPSP slope was &&ated with a decrease in-b@ from 50.5% to 16%, indicating that increased presynaptic calcium is associated with a decrease in PPF. Each point is the average of 5 min of data, collected at 0.05 Hz, and averaged over all experiments. C, Superimposition of raw voltage traces, each of which is the average of several traces, obtained at times a and b, indicates that PPF in lower calcium (a) is larger than in higher calcium (b).
with LTP induction (Schulz and Johnston, 199 1) may also argue against the additibn of new receptors or an increase in their conductivity. A second concern might be that postsynaptic receptor activity would be saturated by LTP induction, and its saturation might decrease PPF. It would be difficult to understand, then, how PPF would increase in other slices, and how other forms of potentiation would still be expressible, for ex-ample, PPF, PTP, and STP. Moreover, saturation of receptors during LTP is also most easily explained by a presynaptic mechanism ofLTP. A third concern would be that LTP might involve the addition of postsynaptic receptors so that PPF might increase by "unsaturating" the postsynaptic response. That hypothesis would not account, however, for the decreases in PPF also observed with LTP.
Thus, multiple experiments argue that the changes observed in PPF are specific to LTP. But what type of presynaptic mechanism might underlie LTP such that it would be associated with both increases and decreases in PPF?
The presynaptic change associated with LTP In attempting to understand the possible presynaptic mechanisms for LTP that might account for our results, we started with the assumptions (1) that transmitter release is proportional to the product of the number of neurotransmitter release sites (n) and the average probability of neurotransmitter release (p) at those sites, or release = np; and (2) that PPF reflects only changes in p. Using these assumptions, if LTP were associated only with an increase in p, then PPF would be predicted to only decrease with LTP. We, however, observed both increases and decreases in PPF with LTP. If LTP were associated with an increase in n exclusively, and those release sites had the same average p as the original release sites, then there would be no predicted interaction between LTP and PPF. Again, we observed changes in PPF with LTP. On the other hand, if the new release sites had both greater and lesser probabilities of release than the original release sites, then the measured PPF could both decrease and increase with LTP.
Another presynaptic mechanism that might account for our results is that LTP could be associated with increases in both p and n, but with the new release sites having a low probability of release. This explanation would proceed as follows: PPF could be decreased by increases in p, and increased by the addition of release sites with a low p. Measured PPF would decrease or increase with LTP depending on whether LTP were due predominantly to an increase in p or n. In the slices in which initial p was low (PPF high, right side of Fig. lA) , LTP might be mediated by an increase in p and the resulting measured PPF would decrease. In contrast, when initial p was high (PPF low, left side of Fig. 1A ) so that there was little range for increase, LTP would be predominantly mediated by an increase in n. In this case the measured PPF would increase. The number of release sites might increase under both conditions, but its effect would be more obvious when there is little change in p.
The notion that new release sites might have differentp values than the baseline sites is not unreasonable. There appears to be considerable diversity ofp values in slices; for example, at baseline in a single solution, we observed initial PPF values from 10% to 72% (normal-calcium; Fig. 1B ). Other work has also suggested that there are differing probabilities of release at baseline (Hessler et al., 1993; Rosenmund et al., 1993 ). Thus, it seems possible that new release sites could have a different average p than the average p of the originally sampled population.
The possibility of two processes contributing to LTP expression was raised in two previous reports where it was suggested that when initial p is low, the predominant change responsible for LTP is presynaptic, whereas when initial p is high, the predominant change is postsynaptic (Larkman et al., 1992; Liao et al., 1992) . Because PPF does not measure postsynaptic changes, our experiments suggest that when initial p is high, there may also be a change in n associated with LTP.
This study has demonstrated that PPF changes predictably in association with LTP. The changes in PPF appear to be specific to LTP as demonstrated by multiple control experiments. The specific changes in PPF, in turn, support the hypothesis that the mechanism of LTP expression includes the presynaptic site. An increase in p and n, or possibly n alone, appears to be the best explanation for the changes observed in PPF with LTP. The findings presented here do not rule out a postsynaptic component to LTP expression, and further work is clearly needed to correlate specific pre-and postsynaptic processes to LTP.
